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Abstract
Abstract: Hydridocarbonyl complexes, a class of industrially relevant catalysts,
contain both the M–H and M–CO moieties. Here, by using two-dimensional infrared
spectroscopy, we examine the coupling of the typically weak M–H stretching mode
and the intense M(C≡O) mode. By studying a series of Ir(I) and Ir(III)-based hydri-
docarbonyl complexes, we show that the arrangement of the H and CO ligands in a
trans configuration leads to strong vibrational coupling and mode delocalisation. In
contrast, a cis arrangement leads to no coupling, with the localised M–H mode having
a much larger anharmonicity. These results highlight a promising strategy for enhanc-
ing the M–H vibration by intensity borrowing from the strong C≡O modes in a trans
configuration, allowing for direct determination by infrared spectroscopy of both the
oxidation (by frequency shifts) and protonation state (via vibrational coupling) of the
complex, in mechanistic studies of proton coupled electron transfer reactions.
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Introduction
Transition metal hydride complexes play a central role as fundamental intermediates in many
chemical transformations. Among these, proton and CO2 reduction are the most prominent
examples, for their relevance in addressing the global energy challenge through solar fuel
production.1,2
A subset of transition metal hydrides, containing both M–H and M–CO moieties—also
known as hydridocarbonyl complexes, are not only very active and industrially relevant hy-
droformylation catalysts (especially those of Ir and Rh),3–5 but have also been used as mech-
anistic probes for proton-coupled electron transfer (PCET) reactions (mostly tungsten-based
complexes). These reactions constitute fundamental steps in proton reduction and solar fuel
production, among many other chemically relevant transformations.6 In this context, it has
been shown that electron transfer driving force, applied pressure, and the ligand environment
can all vastly influence the PCET pathways,7–9 illustrating the delicate interplay between
such variables, and their role in steering reactivity.
Infrared (IR) spectroscopy has been the tool of choice for the study of transition metal
carbonyl complexes, due to the very strong transition dipole of the C≡O stretching modes,
which serve as ubiquitous probes for electronic density (i.e. oxidation state) at a transition
metal centre.5 Their characteristic absorption bands around 1900–2100 cm−1 (for termi-
nal carbonyls) situates them in a nearly overlap-free and vastly solvent-transparent region.
Terminal M–H stretches are one of the few modes with similar absorption frequencies (rang-
ing from 1700–2250 cm−1), and are known to have extremely variable (and typically low)
extinction coefficients; the latter often precluding their study.10
Aspects such as couplings, exchange and orientations, not evident in an FT-IR absorp-
tion spectrum, become observable through multidimensional spectroscopic methods. For
instance, two-dimensional infrared (2D-IR) spectroscopy provides insight into the coupling
of different vibrational modes. By frequency resolving the pump (or excitation) axis, a
series of diagonal and off-diagonal responses are obtained. A cross peak is observed when-
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ever excitation of one mode influences the response of other modes, either through coupling
or exchange. In addition, diagonal peaks yield information about solvation, and allow the
distinction of inhomogeneous vs homogeneous broadening mechanisms.11
In this regard, 2D-IR spectroscopy has been used to study many aspects of metal car-
bonyl complexes,12–17 as well as solvation dynamics of Vaska’s complex, and its O2 and I2
adducts in binary solvent mixtures.18–22 Lately, 2D-IR spectroscopy has also been used to
distinguish exchanging conformations of a Rh(I) hydridocarbonyl complex.23 A recent re-
port from our group on the Pt–H stretching mode on a metal surface showed, by means of
2D-IR spectroscopy, that this mode can be characterised by its frequency, lifetime, and large
anharmonicity: ca. 90 cm−1 for Pt–H vs 20–25 cm−1 for Pt(C≡O). At the same time, it was
shown that the stretching mode of the surface-bound hydride has a comparable absorption
cross section to that of the strong Pt(C≡O) mode.24
Considering the structural specificity and time resolution provided by IR spectroscopy,
we chose to take a closer look into the ultrafast dynamics of the M–H and M(C≡O) bands
of transition metal hydridocarbonyl complexes in solution. Herein, we employ 2D-IR spec-
troscopy to study a series of Ir-based hydridocarbonyl complexes in order to understand the
vibrational couplings between the M–H and M(C≡O) modes, revealing their dependence on
the relative orientation of the CO and H ligands.
Experimental
Chemicals and solvents
All reactions were performed under nitrogen atmosphere using standard Schlenk techniques.
Solvents used for synthesis were of reagent grade or higher, and used as received. [Ir(CO)Cl(PPh3)2]
(Vaska’s complex, VC; Strem Chemicals), and [HIr(CO)(PPh3)3] (IrHCOP3; Acros Organ-
ics) were used without further purification. Solvents for 2D-IR and FT-IR measurements
were degassed (when needed) by freeze-pump-thaw cycles (3×) and handled under inert at-
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mosphere. H2 (PanGas AG, grade 6.0) as well as D2 (PanGas AG, grade 3.0) were passed
through ambient temperature point-of-use gas purifiers (MC1-904F, SAES Pure Gas), re-
ducing the impurity levels in the gas stream to less than 1 ppb.
Synthesis of the complexes
The dihydrogen adduct of Vaska’s complex, [IrH2(CO)Cl(PPh3)2] (VC-H2) was prepared
in situ by bubbling a solution of VC (ca. 10 mM in CHCl3) with H2 (or D2 for VC-
D2) until the νCO band of the starting material decayed to a constant value (typically
within 30 min, resulting in >90% conversion). During the measurements, an atmosphere of
H2 was maintained over the solution to avoid decomposition of the product. In a similar
manner, the HCl adduct of Vaska’s complex, [IrH(CO)Cl2(PPh3)2] (VC-HCl) was prepared
in situ by adding one drop of conc. HCl (35% aq.) to a solution of VC (ca. 20 mM in
CHCl3), resulting in an discolouration after mixing, and in quantitative conversion into VC-
HCl. Upon standing, a white precipitate was formed on a 10 min timescale. In both cases,
degassing the solvent was crucial to minimise the formation of the oxygen adduct of Vaska’s
complex, [Ir(η2 O2)(CO)Cl(PPh3)2] (VC-O2).
Steady-state spectroscopic characterisation
FT-IR spectra were collected on a Bruker Vertex 80v spectrometer. The measurements were
performed in a home-built flow cell consisting of two 2 mm thick CaF2 windows separated
by a 200 µm thick PTFE spacer. For the very insoluble VC-HCl complex, a 1 mm PTFE
spacer was used instead (also for 2D-IR, see below).
Ultrafast 2D-IR spectroscopy
The ultrafast 2D-IR spectrometer used in this work is based on the output of a 5 kHz
Ti:Sapphire amplifier producing ∼100 fs pulses centred at 800 nm, which was used to pump
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a home-built mid-IR OPA,25,26 delivering ∼2 µJ, ca. 120 fs pulses centred around 2000–
2150 cm−1, with a bandwidth of ca. 200 cm−1. A small fraction of the mid-IR light was
split from a BaF2 wedge to be used as the probe and reference beams. Absorptive 2D-IR
spectra were obtained by fast scanning the coherence delay (t1) between the two collinear
mid-IR pump pulses (up to 3.5 ps) generated in a Mach-Zehnder interferometer for a fixed
population delay (t2).
27 Scattering suppression was achieved by quasi-phase cycling using a
librating ZnSe window introduced at Brewster angle in the pump beam.28 The pump and
probe beams were overlapped at the sample position, and afterwards the probe and reference
beams were dispersed in a spectrograph with a 100 or 150 l mm−1 grating. Both were
simultaneously recorded with a 2×32 pixels MCT array detector, yielding an ω3 resolution
of ca. 10.4 or 5.5 cm−1, and an ω1 resolution of ca. 2 cm
−1, respectively. In all experiments,
the pump and probe beams were p-polarised.
Computational details
Density functional theory (DFT) calculations were performed using Gaussian 09 rev. D.0129
with the B3LYP functional, the 6-311G(d,p) basis set for all light atoms, and the LANL2DZ
effective core potential for the Ir atoms.30–32 The IEF-PCM solvation model (as implemented
in Gaussian) was used for calculations in solution.33 Harmonic vibrational analysis revealed
no negative frequencies, confirming the structures to be true minima. Anharmonic vibra-
tional analysis were performed on the reduced subspace of the Ir–H and Ir(C≡O) normal
modes. The anharmonic treatment of the vibrations was performed using the Gaussian 09
rev. D.01 implementation of the generalized second-order vibrational perturbation theory
(GVPT2), including terms up to the third and fourth derivatives of the potential energy
with respect to the normal mode coordinates.34
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Results and discussion
Intermode coupling in IrHCOP3
As a starting point, we turn to the absorption and 2D-IR spectra of IrHCOP3 (Figure 1).
This Ir(I) complex, containing only one CO and one hydride ligand in a trans configuration,
constitutes the simplest model system.



































































Figure 1: (A) Normal modes and scaled displacement vectors. Absorption (B) and 2D-IR
spectra (C ) of IrHCOP3 in DMF, with 1.5 eq. PPh3 (at t2 = 3 ps).
Its absorption spectrum in DMF shows two strong absorption bands centred around ν1 =
1925 and ν2 = 2073 cm
−1, corresponding to the symmetric and antisymmetric H–Ir(C≡O)
stretching modes, respectively, according to the DFT calculations (Figure 1A-B). In the 2D-
IR spectra, strong instantaneous cross peaks can be observed between the ν1 and ν2 bands,
indicative of direct coupling between these modes (Figure 1C).
To begin with, the appearance of a 2D-IR spectrum relies on anharmonicity, as the 2D-IR
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response of a strictly harmonic system would vanish. The anharmonic coupling between two
modes can be quantified by the cross anharmonicity (∆ij), defined as:
11,35
∆ij = (νi + νj)− νij, (1)
where νi is the fundamental anharmonic frequency, and νij the anharmonic frequency of
the combination band of modes i and j. The diagonal anharmonicity (∆i), refers to the
difference between the ν1→2 and the ν0→1 transition energies. All these quantities can be
(and have been) calculated from anharmonic vibrational calculations within Gaussian, which
start from a (harmonic) normal mode calculation and treat anharmonicity perturbatively.29
It can be shown that the size of the cross anharmonicity (Eq. 1) tentatively reflects
the degree to which the harmonic normal modes are delocalised.11,35–37 This is since the
source of anharmonicity is local—due to the very fact that the potential energy surface of a
chemical bond is better described by a Morse potential rather than a parabolic (harmonic)
potential. Upon normal mode transformation, which delocalises local modes in a harmonic
sense, the local anharmonicity delocalises accordingly, revealing the cross terms ∆ij (Eq. 1).
The relationship between cross anharmonicity and degree of delocalization is not strict, since
many parameters may start to play a role once anharmonicity is considered. However, we
will report both cross anharmonicity and degree of delocalization for all molecular examples
we consider, and we will see that they are indeed correlated to a significant extent.
That is, anharmonic vibrational calculations for IrHCOP3 in DMF revealed ∆
calc
12 =
14 cm−1, in accordance with the result that harmonic normal modes are delocalised among
the Ir–H and the –C≡O chemical bonds (see red displacement vectors in Figure 1A). The
calculated diagonal anharmonicities (∆calc1 = 22 cm
−1 and ∆calc2 = 61 cm
−1) are also in good
agreement with the experimentally observed results (Figure 1C; with ∆exp1 = 22, ∆
exp
2 = 45,
and ∆exp12 = 19 cm
−1).
To assess the extent of localisation of normal modes, we have chosen the mass-weighted
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length of the displacement vectors (a more detailed explanation is given in the SI). We
found, using this approach, that for IrHCOP3 the fractional contributions of the Ir–H
trans
and Ir(C≡O) moieties are, respectively, 19%:81% for ν1, and 70%:30% for ν2; meaning that
the higher frequency band is more localised in the hydride, while the lower frequency band is
more localised in the carbonyl moiety, also in line with the observed diagonal anharmonicities.
Intermode coupling in VC-HCl
The next complex we consider, VC-HCl, constitutes a counterexample to the discussion
above. Addition of HCl to Vaska’s complex has been shown to proceed in an analogous
manner as for H2, yielding [IrH(CO)Cl2(PPh3)2] (VC-HCl).
38,39 In this case, only the cis-
Cl2 isomer of VC-HCl is obtained with the hydride being cis to the carbonyl ligand. This
stereochemical assignment has been confirmed crystallographically.40
The Ir–H and Ir(C≡O) modes are now decoupled (see the red displacement vectors in
Figure 2A), yielding an IR absorption spectrum (Figure 2B) with a strong Ir(C≡O) stretching
band (ν2 = 2048 cm
−1), and a very weak and broad Ir–H stretching band (ν2 = 2226 cm
−1).
In line with the discussion above, no cross peaks are observed between the Ir(C≡O) and
Ir–Hcis modes in the 2D-IR spectrum of this complex (Figure 2C).
Anharmonic DFT calculations indeed yield ∆calc12 ≈ 0 cm
−1 for the cross anharmonicity,
while the diagonal anharmonicities are once more in excellent agreement with the experiment
(∆calc1 = 24, and ∆
calc
2 = 82 cm
−1, vs ∆exp1 = 24 and ∆
exp
2 = 71 cm
−1). For this complex,
the fractional contributions of the Ir–Hcis and Ir(C≡O) moieties are, respectively, 1%:99%
for ν1, and 100%:0% for ν2, reflecting the totally localised characters of these vibrations.
We also see that a localised M–H vibration has a significantly larger anharmonicity (typ.
> 80 cm−1) , in comparison to that of the M(C≡O) modes (typ. ∼20 cm−1). Similarly large
anharmonicities are found in the O–H stretches of water,41 phenol,42 and other oscillators
involving an H atom. In particular, the Ir–H anharmonicity in solution (∆Ir–H ≈ 70 cm
−1)
compares favourably with that of Pt–H on a metal surface (∆Pt–H ≈ 90 cm

































































Figure 2: (A) Normal modes and scaled displacement vectors. Absorption (B) and 2D-IR
spectra (C ) of VC-HCl in CHCl3 (at t2 = 3 ps). The scale of the 2D-IR spectrum has been
expanded to approx. 8% of the maximum, in order to show the very weak Ir–H band (ν2).
Phosphine ligands simplified for clarity.
explained in simple terms: the M–H fragment, having a much lower reduced mass, explores
a larger extent of its potential energy surface.
Intermode coupling in VC-H2
The final example, VC-H2, combines both situations with two hydride ligands, one of which
is trans to the CO ligand and the other cis. Concerted oxidative addition of H2 to the
Ir(I) centre in Vaska’s complex leads to a cis-dihydride complex (Figure 3).39 The two
hydrides add to the metal in a mutually cis fashion due to homolytic cleavage of the H–H
bond, effectively transforming the complex from square planar to octahedral geometry, and
increasing the oxidation state of the metal to Ir(III). These changes are evident in the FT-IR
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spectra of the VC-H2 complex, where the νCO band of VC at 1966 cm
−1 disappears, and
three new bands appear at 1998, 2098 and 2221 cm−1 (Figure 3B, black vs blue). Upon
deuteration, the νCO band shifts to 2033 cm
−1 without the appearance of other bands in this
region (Figure 3B, red). Complete FTIR spectra for these complexes are provided in the SI
(Figure S1).
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Figure 3: (A) Normal modes of VC-H2 with their corresponding scaled displacement vectors
(phosphine ligands simplified for clarity). (B) Normalised absorption spectra of VC (black),
VC-H2 (blue), and VC-D2 (red) in CHCl3. The symbols * and ⋄ in the spectra refer to
traces of VC and VC-O2, respectively. In the spectrum of VC-D2, the additional, very
weak bands due to partially deuterated products, or traces of VC-H2 are indicated with †.
(C ) Absorption and (D) 2D-IR spectra of VC-H2 in CHCl3, in the 1960–2280 cm
−1 spectral
region (for D, t2 = 3 ps). The dashed circles emphasize the missing cross peaks between ν3
and the other modes, see text for discussion.
The corresponding 2D-IR spectrum is shown in Figure 3D, with a cross peak between ν1
and ν2, but none between ν3 to any of the other two modes. Anharmonic DFT calculations
for VC-H2 revealed ∆
calc
12 = 27 cm
−1 (vs ∆exp12 = 30 cm
−1), and ∆calc23 = ∆13 ≈ 0 cm
−1, in
agreement with the notion that ν1 and ν2 are the delocalised symmetric and antisymmetric
H–Ir(C≡O) modes, while ν3 remains a localised Ir–H mode for the cis hydride (see red
displacement vectors in Figure 3A). The diagonal anharmonicities are also reasonably well




3 = 86 cm
−1; vs ∆exp1 = 21,
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∆exp2 = 26, and ∆
exp
3 = 73 cm
−1).
Comparing the FT-IR spectra of VC-H2 and VC-D2, we note that the ν1 band of the
former is closer to νCO of the latter. The magnitude of the splitting of the two modes (ca.
100 cm−1) is an indicator of the coupling between them,43,44 and can be related to the cross-
anharmonicity (∆12) obtained from 2D-IR spectroscopy. This shows the potential for 2D-IR
to reveal these couplings without the need for isotope labelling, showing the complementarity
between both approaches.
Upon deuteration, one would expect the ν3 band to shift to ca. 1571 cm
−1 (based on the
change of reduced mass). Indeed, we observe a weak and broad band in this region (Figure
S1 in the SI), which overlaps with several other modes. We attribute this band to the Ir–Dcis
stretching mode, while the weaker bands are C=C stretching modes. The Ir–Dtrans mode
becomes more difficult to locate, since it would appear in region around 1470–1500 cm−1.
This region is particularly crowded with C=C stretching and bending modes from the phenyl
rings of the PPh3 ligands, probably leading to mixing of the Ir–D
trans band with the former.
Our observations are in agreement with previous reports of this complex.44 The Ir(C≡O)
mode, in contrast, localises in VC-D2. The 2D-IR spectrum in the νCO region of VC-D2 in
CHCl3 (Figure S2 in the SI), reveals a diagonal anharmonicity of ca. 25 cm
−1 for this mode.
Previously, the ν1 and ν2 bands were assigned to the Ir(C≡O) and Ir–H stretching
modes.22,43–45 Here, it becomes clear that these bands correspond instead to the νHCO, sym.
and νHCO, asym. modes, which are strongly coupled and largely delocalised.For this complex,
the fractional contributions of the Ir–Hcis, Ir–Htrans, and Ir(C≡O) moieties are, respectively,
1%:25%:74% for ν1; 3%:57%:39% for ν2, and 95%:5%:0% for ν3. The absence of coupling with
ν3 explains also its larger anharmonicity and lower intensity, reflecting the local character of
this mode.
Two mechanisms may, in principle, lead to mode delocalisation—namely kinematic and
electronic coupling. Kinematic coupling is dominant in small molecules like CO2, and refers
to the fact that the vibration of one C=O local mode affects that of the other, as they share
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the same C atom (in the case of CO2). One can easily verify that this effect is negligible here
by setting the mass of the Ir atom to (effectively) infinity in the normal mode calculation,
which does not result in any significant change of the calculated spectra and displacement
vectors. This leaves electronic coupling of the Ir–H and Ir(C≡O) modes as the dominating
effect in the present case.
Hydride ligands are among the strongest σ-donors. At the same time, bonding to car-
bonyl ligands has a σ and a π component (the CO ligand being a very good π-acceptor).
The observed strong vibrational coupling between the M–H and M(C≡O) modes in a trans
geometry (as well as their absence in the cis configuration), can be rationalised by consider-
ing the trans-influence of the hydride ligand—that is, electronic communication through the
σ bonding orbitals of the complex allows the displacement along the M–H bond coordinate
to influence the extent of backbonding on the CO ligand (and hence the C–O distance),
effectively coupling the two potential energy surfaces and delocalising the vibration.11,46,47
It is important here to distinguish the trans-influence (a thermodynamic aspect) from the
trans-effect (a kinetic aspect), especially when discussing equilibrium properties as above
(in our case, electronic communication, orbital interactions, and bonding).48,49 The trans-
influence is maximised in octahedral d6 complexes (like VC-HCl and VC-H2) and square-
planar d8 complexes. Also, for σ-donor ligands, a trigonal bipyramidal geometry with a d8
electronic configuration (like that of IrHCOP3) gives rise to a strong trans-influence. These
aspects have been previously described in ref. 50 from an orbital interaction point of view,
and in ref. 43 in a more general perspective.
The coupling and mode delocalisation is different in complexes containing e.g. the fac-
{Re(CO)3}
+ core, where the M(C≡O) modes are strongly coupled and totally delocalised,
despite the mutual cis arrangement of the CO ligands. In a complementary manner, this can
be explained by the contribution of π back-bonding, since electronic communication takes
place through the π orbitals instead.
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Conclusions
In this work, we use two-dimensional infrared spectroscopy to show that the trans config-
uration of the carbonyl and hydride ligands is favourable for vibrational coupling between
the M(C≡O) and M–H vibrational modes. When the two ligands are in a cis configuration,
no vibrational coupling is observed. 2D-IR spectroscopy reveals, in this manner, the extent
of coupling and delocalisation of the M–H and M(C≡O) modes, yielding complementary
information as had been obtained by isotope labelling in the past. In turn, the coupling
and mode delocalisation are responsible for the enhancement of the weaker M–H stretching
mode. These trends were illustrated by IrHCOP3 and VC-HCl, having purely trans or
cis H–Ir–CO configurations, respectively. In VC-H2, having hydride ligands both cis and
trans to the carbonyl ligand, strong vibrational coupling was observed exclusively with the
hydride in the trans position. These couplings take place both in Ir(I) as well as Ir(III)
complexes, highlighting the apparent independence of this effect on the oxidation state of
the metal centre. We attribute the directionality of this effect to pure electronic coupling
of the modes, due to communication through the σ bonding orbital joining the CO–M–H
fragment. In addition, we find that the very high anharmonicity of the M–H stretches is a
good indicator of the local character of these modes. Overall speaking, placing these ligands
in a trans orientation is shown here to be beneficial to enhance the M–H stretching mode,
leading to a promising strategy for the design of novel hydridocarbonyl complexes acting as
PCET model systems, which allows to study the proton/hydride transfer steps directly from
the metal hydride perspective using IR spectroscopy.
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❼ Full FTIR spectra of VC, VC-H2 and VC-D2; 2D-IR spectrum of VC-D2; and a dis-
cussion concerning the use of mass-weighted displacement vectors to assess localisation
of vibrational modes. (PDF)
❼ DFT-optimised Cartesian coordinates of IrHCOP3 in DMF; VC-H2 in CHCl3; and
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Two-dimensional infrared spectroscopy was used to reveal vibrational couplings in Ir(I) and
Ir(III) hydridocarbonyl complexes in solution. The effect of the relative orientation of the
carbonyl and hydride ligands was examined, revealing preferential coupling between the
M–CO and M–H modes in the trans configuration. This approach constitutes a promising
strategy to enhance the often weak M–H vibration for future mechanistic studies.
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